In this article the capacitive pickup of magnetic fluctuation probes for plasma applications is studied. The nine most commonly used probe designs are compared with respect to their capacitive pickup rejection, magnetic sensitivity, and minimum plasma disturbance. For absolute calibration, well defined electric and magnetic field fluctuations are produced separately in a Faraday cup and in a Helmholtz magnetic field coil configuration, respectively. A sample measurement in a radio frequency helicon plasma demonstrates that the optimum probe design is well suited for measuring magnetic fluctuations in a plasma environment.
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I. INTRODUCTION
Magnetic fluctuation probes ͑also: Ḃ probes͒ have been widely used to measure oscillating magnetic fields in plasmas for several years. 1 They consist of a pickup coil of n windings of copper wire enclosing an area A. Temporally varying magnetic fluxes through A induce a voltage U ind ϭ ϪnA‫ץ‬B/‫ץ‬t. For a sinusoidal fluctuation, B(t)ϭB 0 sin t, the induced voltage is U ind ϭϪnB 0 A cos t, i.e., U ind ϰ. For frequencies above Ϸ100 kHz relatively small magnetic loops can be constructed to find a compromise between high spatial resolution and reasonably large induction signal. Magnetic fluctuation probes have been used in many different plasma experiments, e.g., fusion related devices, 2-5 mirror machines, 6, 7 inductively coupled plasma experiments, 8 plasma flow generators, 9 and helicon plasma sources. 10, 11 In high density and high temperature plasmas, magnetic fluctuation probes are generally located at the outside of the plasma, which requires additional considerations for data evaluation. Under less demanding plasma conditions, Ḃ probes can be introduced directly into the plasma for a truly local Ḃ measurement. The recent studies of the discharge mechanism of helicon sources has revived interest in positionable Ḃ probes. [12] [13] [14] A fundamental problem of Ḃ probes is their alternating current ͑ac͒ coupling to electrostatic potential fluctuations, the so-called capacitive pickup. 15 This is particularly the case in radio frequency ͑rf͒ generated plasmas, where large potential fluctuations on the order of 100 V are usually present. In such a case, precautions have to be taken to reduce the capacitive pickup in comparison to the actual magnetic fluctuation signal. Many different rejection schemes have already been proposed, see, e.g. Refs. 16 -19 . Despite their widespread use, the efficiency of these compensation methods is mostly described only on a qualitative level. The present investigation compares the relative capacitive pickup of the nine most commonly used magnetic fluctuation probe designs in a well defined test field. It aims to identify an optimum configuration of compensated Ḃ probes for use in rfgenerated plasmas.
The article is structured as follows: In Sec. II the relative electrostatic pickup of nine different probe designs is measured and compared. In Sec. III the probes are absolutely calibrated for their magnetic sensitivity. Operation of the ''best choice'' probe is demonstrated in magnetic fluctuation profile measurements in a rf helicon discharge plasma 20, 21 ͑Sec. IV͒.
II. ELECTROSTATIC PICKUP REJECTION
In many plasma discharges, especially in rf-generated plasmas, large fluctuating potential differences occur between the plasma and the magnetic loop probe. This is partially coupled capacitively into, e.g., the leads of the Ḃ probe and gives rise to an undesired noninductive signal component. A straightforward approach to reduce capacitive pickup is to use a cable with R 0 ϭ50 ⍀ impedance at the coil output. The electrostatic voltage coupled into the probe then has to pass through a voltage divider which consists of the capacitance between the coil and the plasma C c,p , and the output impedance R 0 of the probe. 15 Unfortunately, such coaxial cables are always thicker than simple wires and miniaturizing of probes is therefore limited. A different, commonly used approach to minimize electrostatic pickup makes use of the fact that the inductive signal of the Ḃ probe changes sign if the probe is rotated by 180°whereas the sign of the electrostatic pickup remains unchanged. Consequently, a subtractor ͑hybrid combiner͒ connected to the end of the probe eliminates the electrostatic pickup and yields two times the inductive signal. 17, 22, 23 proach makes use of a center-tapped transformer ͑also called balun͒. The probe can be coupled balanced to the unbalanced coaxial system of the measuring circuit. A midconnector of the transformer winding on the probe side is grounded. The capacitive coupling gives rise to currents in the two probe legs that have equal amplitude but opposite sign with respect to ground. Thus, currents in the probe leg cancel out in the primary winding of the transformer and only the induced voltages are passed through to the measurement circuit. Figure 1 shows the nine most commonly used magnetic fluctuation probe designs. The first four are uncompensated Ḃ probes with connection to the detector by simple wire ͑a͒, twisted pair cable ͑b͒, inner and outer conductor of 50 ⍀ coaxial cable ͑c͒, or the inner conductors of two coaxial cables with grounded shield ͑d͒. Design ͑e͒ directly connects a miniature center-tapped transformer to the probe and feeds a 50 ⍀ coaxial cable. The transformer is electrostatically shielded by grounded copper tape. An inherent pickup rejection using a counter-wound second probe terminated with a 50 ⍀ resistor was proposed by Loewenhardt and co-workers, 18 shown in diagram ͑f͒. Probe design ͑g͒ and ͑h͒ use the inner conductors of two coaxial cables with grounded shield and subtract the electrostatic component via a centertapped transformer or a hybrid combiner, respectively, installed at the end of the probe. Finally, in design ͑i͒ the probe is connected to a center-tapped transformer by a twisted pair cable.
A quantitative comparison of electrostatic pickup for the different probe designs is done in a test field. A schematic of the setup is shown in Fig. 2͑a͒ . A Faraday cup with internal insulation is installed centrally into a grounded box. The inner bore of the cup is 70 mm in length and 20 mm in diameter. As the electric field inside a Faraday cup is homogeneous, a well-defined electric test-field for capacitive pickup measurements is provided. One coaxial feedthrough is used to drive the voltage on the cup and the probe is connected to two other insulated feedthroughs on the grounded box. The voltage applied to the cup in the present experiments is U cup ϭ50-100 V at frequencies f ϭ0.25-25 MHz. The electrostatic pickup signal U p at the Ḃ probe leads is amplified by ϩ20 dB and recorded simultaneously with U cup . The frequency dependence of the ratio U p /U cup , the so-called relative capacitive pickup, is plotted for the different probe setups in Fig. 3 . There is a monotonic increase of the relative capacitive pickup with increasing frequency up to relative capacitive pickup and magnetic sensitivity but not the qualitative relation between different probe designs. Our comparative study consequently remains valuable but it is of advantage to calibrate the probe in situ with the exact experimental setup used. From the relative capacitive pickup measurements we come to the following five conclusions:
͑1͒ Any of the compensation techniques considered here helps to reduce the relative capacitive pickup if compared to uncompensated probes. Compare probes ͑e͒-͑i͒ with ͑a͒-͑d͒. At a typical experimental frequency of 13.56 MHz the reduction can be up to a factor of 20. ͑2͒ The capacitive pickup is reduced if a 50 ⍀ coaxial cable is used as a probe connector rather than simple parallel or twisted pair cable. This statement holds true for the uncompensated probes ͓͑a͒ and ͑b͒ compared to ͑c͒ and ͑d͔͒ as well as for the compensated ones ͓͑g͒ compared to ͑i͔͒. ͑3͒ The balun directly connected to the probe tip reduces the capacitive pickup signal less efficiently than if it is installed at the end of the probe shaft ͓compare ͑e͒ to ͑g͔͒. In any case, it is preferable to have the balun outside the plasma as this allows a smaller probe design. ͑4͒ In Fig. 3͑b͒ the relative capacitive pickup for the probe with two 50 ⍀ coaxial cables is shown for the uncompensated probe as well as with compensations using a hybrid combiner and a center-tapped transformer. Evidently, the electrostatic pickup rejection using a centertapped transformer is better than using a hybrid combiner. This is a general outcome and holds true also if the hybrid combiner is compared to the center-tapped transformer using twisted pair cables or single coaxial lines ͑measurements not shown͒. Besides the smaller pickup, the compensation with the center-tapped transformer is not as susceptible to resonances. ͑5͒ The probe with inherent pickup rejection at the probe tip ͑f͒ gives a slightly better result than the design with a center-tapped balun ͑g͒. Unfortunately, such a probe is larger at the probe tip and stronger plasma disturbance is expected.
From all these measurements, taking the minimum disturbance requirement into account, we decided to use probe design ͑g͒ for magnetic field fluctuation measurements in rf-discharge plasmas. This probe design has already been used successfully in our recent whistler wave study 20 and for the measurement of dispersion and eigenmode structure of waves in rf-produced capacitive, inductive, and helicon wave sustained discharges. 21 A sample measurement in a helicon plasma using this probe design is presented in Sec. IV.
III. MAGNETIC SENSITIVITY CALIBRATION
The magnetic fluctuation probes are absolutely calibrated for their magnetic sensitivity using two magnetic coils in Helmholtz arrangement ͓see Ideally, the magnetic sensitivity of a Ḃ probe should depend only on the loop tip and not on the connecting cables nor the used compensation. As all magnetic loops from all tested probes are manufactured with identical geometry and size, and all probes are tested in the same test field setup using the same connector cables, the magnetic sensitivity from all probes should be exactly the same. Figure 4 shows the measured magnetic sensitivity for the four example probe designs ͑d͒, ͑e͒, ͑g͒, and ͑h͒. The frequency dependence of the probe sensitivity is in all four cases identical within Ϯ10% . . . 15%. We note that the hybrid combiner results in an output signal corresponding to two times the magnetic fluctuation signal. The values of probe ͑h͒ are therefore divided by two ͑dashed line͒.
IV. PLASMA MEASUREMENT
To demonstrate the operation of the magnetic fluctuation probe, the best-choice probe design ͑g͒-using the inner conductors of two semirigid 50 ⍀ coaxial cables with grounded shield-is introduced into the bulk of a rf-produced helicon plasma in the VINETA experiment. 24 The probe measurements with different orientations of the probe area with re- spect to the ambient magnetic field are recorded simultaneously with the antenna discharge current ͑Fig. 5͒. A simple but crucial test for the Ḃ probe is rotating the probe by 180°. A probe measuring only the inductive component should simply change the sign in the signal which is indeed the case. Magnetic fluctuation probes of design ͑g͒ have been applied in systematic measurements in the VINETA experiment. 20, 21 The excellent capacitive pickup rejection and the small spatial dimensions (2.5 mm diameter͒ of the probes enabled reliable, absolutely calibrated rf magnetic field measurements with high spatial resolution.
